Deceased.
of motile bacteria (Domann et al., 1992) . ActA is a multidomain protein on the bacterial surface that interacts with host cell factors to trigger actin assembly (Pistor et al., 1995) . Actin nucleation is driven by ActA-mediated activation of the Arp2/3 complex (Welch et al., 1998). Ena/VASP proteins are the only host cell factors known to bind directly to ActA, which contains four copies of the EVH1 ligand motif (D/E FPPPPXD) (Niebuhr et al., 1997) . Mutation of these repeats leads to a defect in bacterial movement, although an actin cloud and short actin tails still form around the bacterium (Smith et al., 1996; Niebuhr et al., 1997). In vitro experiments using depleted, cell-free extracts and reconstitution with purified components demonstrated that Ena/VASP proteins are required for efficient actin tail formation and normal bacterial motility (Laurent et al., 1999; Loisel et al., 1999) .
Listeria movement has been proposed as a model for actin reorganization at the leading edge of motile cells. Recent work using GFP-tagged VASP demonstrated a strong correlation between membrane extension rates and concentration of VASP at the leading edge (Rottner et al., 1999) . Based on localization studies and Listeria experiments, it has been proposed that Ena/VASP proteins promote actin-based cell movement. We tested this hypothesis directly by overexpressing or neutralizing Ena/VASP proteins in motile fibroblasts and by examining cells lacking all Ena/VASP proteins. Surprisingly, we report that Ena/VASP proteins function as negative regulators of fibroblast motility and lamellipodial extension.
Results

Overexpression of Mena Inhibits Cell Motility in a Dose-Dependent Manner
To test the hypothesis that Ena/VASP proteins promote cell motility, we first analyzed the effect of elevated Mena or VASP levels on cell migration. Rat2 fibroblasts pared and analyzed by quantitative Western blotting using anti-Mena antisera. The low, medium, and high overexpressing populations contained a total of 1.9-, tion of other adhesion or motility genes. Surprisingly, cell speeds decreased with increasing levels of EGFP-2.7-, and 3.9-fold more Mena, respectively, than uninfected Rat2 controls ( Figure 1B (Pistor et al., 1994 (Pistor et al., , 1995 . We generated a construct that directs a fucolocalized with GFP on mitochondria ( Figure 2B ). As expected, APPPP-mito cells showed GFP-labeled mitosion between EGFP and the four EVH1-binding sites (D/EFPPPPXD) of ActA to the mitochondrial surface chondria, but the Mena signal was distributed normally in focal adhesions and the leading edge with little or ("FPPPP-mito", Figure 2A 
Ena/VASP Proteins Act as Negative Regulators of Fibroblast Motility
The major conclusion of this work is that Ena/VASP appreciably change volume or extent of spreading durproteins negatively regulate fibroblast movement and ing normal movement. The average of the absolute valmembrane extension. These experiments were underues of positive and negative flow describes a cell's abiltaken with the expectation that Ena/VASP proteins ity to shape change (i.e., the sum of membrane extension would promote cell motility, but our results do not supand retraction). The centroid positions of the cells were port this hypothesis. Overexpression of Mena or VASP fixed in place during this calculation to derive a value caused a dose-dependent decrease in cell speed. Conindependent of cell translocational speed, an important stitutive membrane targeting of endogenous Mena and aspect of cell shape analysis since it separates translo-VASP also decreased cell speed. In contrast, sequestracation from protrusion/retraction. When this average tion of all Ena/VASP proteins on mitochondria resulted flow per unit time was compared across the cell popin a striking increase in cell speed. The ability to generate ulations tested, a striking positive correlation was obsuch reciprocal effects via increase or decrease of parserved with translocational speed (Figure 8B) tween Ena and Robo, a transmembrane axon guidance How do we reconcile these results with our observareceptor that associates with Ena through an EVH1-tions about cell migration and membrane extension? binding site in its cytoplasmic tail. Robo mediates repulFirst, actin polymerization cannot simply be equated sion of axons from the midline in response to its ligand with cell movement. While cell movement and lamelliSlit (Kidd et al., 1998 (Kidd et al., , 1999 . A series of compelling gepodial extension require actin polymerization, they also netic experiments demonstrate that Ena is a key effector depend on many other processes. Increased actin dyof Robo function. When bound to Slit, Robo may recruit namics could actually be associated with reduced Ena locally to inhibit growth cone advancement towards movement, for example, by formation of actin-rich rufthe midline. This model for Robo-Ena inhibition of fles that do not form productive, extending lamellipodia. growth cone motility is strikingly similar to the effects Second, the assay we used for Ena/VASP function meaof membrane recruitment of Ena/VASP proteins on fibrosured cell movement and membrane extension, not in vivo actin dynamics.
blast motility that we report. 
Experimental Procedures Supplemental Data
Supplemental Videos S1-S3 and Supplemental Table 1 are available Molecular Cloning online at (http://www.cell.com/cgi/content/full/101/7/717/DC1). Subcloning and PCR were performed using standard methods. The Mena cDNA (encoding amino acids 1-541) was amplified by PCR
